Abstract. Using temperature profiles obtained by the GPS/MET (GPS
Introduction
Mesoscale wind velocity and temperature fluctuations in the stratosphere are mainly caused by atmospheric gravity waves with vertical scales ranging from a few hundred meters to several kilometers and the wave periods between the Brunt-V'fiis•l/k period (about 5 min in the stratosphere) and the inertial period. The dynamical stress due to the breaking of upward propagating gravity waves has been found to be an important momentum source for determining the background wind field. Therefore it is now well appreciated that gravity waves play a crucial role in driving the general circulation of the middle atmosphere. Inclusion of gravity wave effects, by employing •/arious parameterizations, has become necessary for an accurate general circulation model (GCM).
Copyright 2000 by the American Geophysical Union. Paper number 1999JD901005. 0148-0227 ! 00 ! 1999 J D901005509.00 A number of mechanisms can excite gravity waves, which have been studied by using a wide variety of observational techniques, measuring the behavior of mesoscale fluctuations in the temperature and wind velocity in the troposphere and middle atmosphere. Interaction of surface winds with topography can become a significant source of gravity waves [e.g., Sato, 1990; Nastrom and Frills, 1992] . Mesosphere-stratospheretroposphere (MST) radar observations at midlatitudes have revealed the annual variation of gravity wave energy associated with jet stream activity . Synoptic-scale meteorological disturbances also excite gravity waves [e.g., Frills and Nastrom, 1•].
In the tropics it is generally thought that gravity waves are mostly generated by cumulus convection. Aircraft observations in the tropical stratosphere have reyealed the generation of small-scale disturbances associated with cumulus convection [Pfister el al., 1986 [Pfister el al., , 1993 , whose fundamental behavior was compared well qualitatively with a theoretical model of gravity waves [Alexander and Pfister, 1995] . Alexander and Holton
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[1997] further studied the detailed behavior of gravity waves generated by tropical convection using a highresolution numerical model and described the momentum flux deposition caused by wave damping.
The seasonal and geographical variability of stratospheric gravity waves was studied using a global dataset of meteorological rocket soundings [Hirota, 1984 sphere and mesosphere (30-80 km). At 30-50 km altitudes the variance was enhanced in a high-latitude region during winter. However, above about 60 km, a large variance was detected at middle and high latitudes during summer, which was interpreted as the result of a selective filtering of upward propagating gravity waves affected by the jet stream in the stratosphere. Alexander [1998] described the UARS-MLS results with a numerical model, assuming a globally uniform excitation of gravity waves in the troposphere, and concluded that the fundamental patterns of the wave energy at middle and high latitudes do not depend on source distribution. Instead, the latitude distribution of wave energy is chiefly determined by interactions of propagating gravity waves with the background wind, and it is also affected by the atmospheric stability conditions [Alexander, 1998 ].
Because of these intensive observational and theoretical studies, our knowledge of the behavior of gravity waves has greatly advanced in the last decades. Yet the global distribution of gravity wave activity is not known; its better definition is needed to fully understand the wave effects under different geographic and seasonal conditions. This is particularly true in the equatorial stratosphere.
The Global Positioning System/Meteorology (GPS/MET) experiment has recently been initiated by the University Corporation for Atmospheric Research (UCAR), successfully providing the international scientific community with a new global high-resolution data set of temperature, pressure, and reftactivity profiles in the 1-60 km height range. These profiles are obtained from the active limb-sounding occultation technique as described by Ware et al. [1996] and Roeken et al. [1997] .
In this experiment a GPS receiver aboard Microlab 1 was launched on April 3, 1995, into a low Earth orbit (LEO) to observe occulted radio signals from the GPS satellites. Height profiles of atmospheric refractive index were derived from these observations. By assuming the hydrostatic relation for a dry atmosphere, temperature profiles can further be inferred. Rocken et al.
[1997] showed a 1øC mean temperature agreement with the best correlative data between 5 and 40 km.
In this study we have extracted mesoscale temperature perturbations with a vertical scale ranging from 2 to 10 km, as well as the background Brunt-V'fiis'&l&t frequency squared N 2, from all published GPS/MET temperature profiles between April 1995 and February 1997. We then determined the potential energy Er, from the temperature variance caused by small vertical scale perturbations as a function of latitude, longitude, season, and altitude, yielding the energy distribution of gravity waves in the stratosphere.
In the following sections we first introduce a spectral model of gravity waves, and, subsequently we describe the data analysis procedure for extracting Ep from GPS/MET temperature profiles. The analyzed results are compared with the climatological behavior of gravity waves observed with the MU (middle and upper atmosphere) radar in Shigaraki, Japan. Finally, we use GPS/MET data to determine the global distribution of Ep caused by gravity waves.
Theoretical Consideration of Gravity Wave Energy
Mesoscale fluctuations of the wind velocity and temperature appear as superpositions of many gravity waves with different temporal and spatial scales. Therefore the behavior of gravity waves are often better interpreted in terms of a spectrum as a function of wave frequency w, and vertical and horizontal wavenumbers m and k. VanZandt [1982] investigated observed gravity wave spectra in the troposphere and middle atmosphere and found a universality of the spectra regardless of season, altitude, and geographic conditions. In particular, the frequency and horizontal wavenumber spectra vary approximately as a• -$/s and k -5/s, respectively. As- By fitting to the observed logarithmic slope of spectra, the constants s, t, and p are determined. MST radar observations determined that p is approximately 5/3 to 2.0 [e.g., Fritts et al., 1990] . In later sections we investigate an application of the model spectrum, substituting s=1 and t= 3, respectively. Then, the vertical wavenumber spectrum becomes [Desaubies, 1976] 
Global Distribution of Gravity Wave Activity at 20-30 km from November to February
We separated a year into four seasons, i.e., March to April, May to August, September to October, and November to February. Then, using equations. (7) Since we are interested in the differences in E v between continents and oceans (orographic effects), we have focused on a latitude band from 30øN to 60øN where the topography can be classified into continents (65ø-130øW and 0ø-145øE) and oceans (0ø-65øW and 130øW-145øE) as indicated in Figure 7 . There is a tendency for E v in Figure 7 to be larger over continents than over oceans. In particular, E v was enhanced over North America, while it was depressed in the central We have determined height variations of E r in the equatorial region (10øS-10øN) and at midlatitudes (40 ø-60ø) . The E r values decrease between 20 km and 25-30 km altitude and show a gradual and rapid increase at 25-35 km and above 35 km, respectively. A strong annual variation with maximum in the winter is again detected in both Northern and Southern Hemispheres, although large hemispheric differences are recognized. On the other hand, seasonal variations are not evident in the equatorial region. This study has clarified that the GPS occultation technique provides important and unique data sets for the study of global distribution of atmospheric gravity waves.
